The formation of R-loops is a natural consequence of the transcription process, caused by invasion of the DNA duplex by nascent transcripts. These structures have been considered rare transcriptional by-products with potentially harmful effects on genome integrity owing to the fragility of the displaced DNA coding strand 1 . However, R-loops may also possess beneficial effects, as their widespread formation has been detected over CpG island promoters in human genes 2,3 . Furthermore, we have previously shown that R-loops are particularly enriched over G-rich terminator elements. These facilitate RNA polymerase II (Pol II) pausing before efficient termination 4 . Here we reveal an unanticipated link between R-loops and RNA-interferencedependent H3K9me2 formation over pause-site termination regions in mammalian protein-coding genes. We show that R-loops induce antisense transcription over these pause elements, which in turn leads to the generation of double-stranded RNA and the recruitment of DICER, AGO1, AGO2 and the G9a histone lysine methyltransferase. Consequently, an H3K9me2 repressive mark is formed and heterochromatin protein 1c (HP1c) is recruited, which reinforces Pol II pausing before efficient transcriptional termination. We predict that R-loops promote a chromatin architecture that defines the termination region for a substantial subset of mammalian genes.
The formation of R-loops is a natural consequence of the transcription process, caused by invasion of the DNA duplex by nascent transcripts. These structures have been considered rare transcriptional by-products with potentially harmful effects on genome integrity owing to the fragility of the displaced DNA coding strand 1 . However, R-loops may also possess beneficial effects, as their widespread formation has been detected over CpG island promoters in human genes 2, 3 . Furthermore, we have previously shown that R-loops are particularly enriched over G-rich terminator elements. These facilitate RNA polymerase II (Pol II) pausing before efficient termination 4 . Here we reveal an unanticipated link between R-loops and RNA-interferencedependent H3K9me2 formation over pause-site termination regions in mammalian protein-coding genes. We show that R-loops induce antisense transcription over these pause elements, which in turn leads to the generation of double-stranded RNA and the recruitment of DICER, AGO1, AGO2 and the G9a histone lysine methyltransferase. Consequently, an H3K9me2 repressive mark is formed and heterochromatin protein 1c (HP1c) is recruited, which reinforces Pol II pausing before efficient transcriptional termination. We predict that R-loops promote a chromatin architecture that defines the termination region for a substantial subset of mammalian genes.
A connection between R-loops and heterochromatin formation was first made in fission yeast, in which removal of R-loops in centromeres caused a loss of heterochromatin structure 5 . An emerging theme is that heterochromatin and RNA interference (RNAi) machinery act broadly across the genome to regulate gene expression 6, 7 . Since processing of double-stranded (ds)RNA is the trigger for RNAi-dependent gene silencing, a source for the generation of dsRNA could be the hybridization of antisense transcripts with nascent pre-messenger RNA. We first detected localized antisense transcription over the termination region (pause site) of the human b-actin gene by reverse transcriptase-quantitative PCR (RT-qPCR) analysis ( Fig. 1a ). Next we tested for the formation of dsRNA by immunoprecipitation from whole HeLa cell extracts with the dsRNAspecific antibody, J2 (ref. 8) . Selected RNA was analysed by strandspecific RT-qPCR. Positive signals for both sense and antisense transcripts were detected over 59 pause and pause regions ( Fig. 1b, grey bars) , suggesting that dsRNA is formed over these regions (Fig. 1b ). dsRNA-specific V1, but not S1, nuclease treatments abolished sense and antisense signals, confirming dsRNA presence. DICER and AGO1 RNAi factors were also enriched over this region on the basis of chromatin immunoprecipitation (ChIP) analysis ( Fig. 1c, d ). Methylation of H3K9 is known to be the most conserved epigenetic mark associated with transcriptional silencing 9 . Since G9a and GLP are considered to be the major H3K9me1 and H3K9me2 histone lysine methyltransferases (HKMTs) of euchromatin 10, 11 , we performed ChIP analysis using anti-G9a antibody, which again showed G9a enrichment around the pause element ( Fig. 1e ). We also confirmed that H3K9me2 marks occur over the termination regions of the human b-actin gene ( Fig. 1f and Extended Data Fig. 1a, b ). H3K9me creates a binding site for the chromodomain of HP1 proteins (HP1a, b and c). We further show that HP1c is enriched over our heterochromatin terminator (Fig. 1g ), consistent with the known association of HP1c with active genes [12] [13] [14] [15] . This suggests that HP1c acts as a heterochromatin 'reader' over the human b-actin R-loop termination region. Previously, we showed using transfected gene constructs that Rloops are associated with termination regions, comprising a functional poly(A) signal (PAS) and G-rich pause elements 4 . To investigate whether R-loops and the H3K9me2 mark are specific features of the pausedependent termination mechanism, we employed cyclin B1 and akirin 1 genes that utilize alternative CoTC terminators 16 . DNA immunoprecipitation (DIP) and H3K9me2 ChIP analyses (Extended Data Fig. 2 ) showed no R-loop or H3K9me2 marks over these CoTC terminators, suggesting that such features are restricted to genes possessing pausesite terminators. We investigated whether R-loops promote the recruitment of RNAi factors and H3K9me2 formation over the termination region of the b-actin gene by testing their sensitivity to RNase H1. Overexpression of this enzyme diminished R-loop levels over both the gene body (intron 1 amplicon) and pause regions ( Fig. 2a ). Remarkably, antisense RNA, DICER, G9a and HP1c occupancy were also diminished ( Fig. 2b-e ). To selectively remove the H3K9me2 repressive mark, we used the chemical inhibitor of G9a/GLP, BIX-01294 (BIX), which induces transient reduction of H3K9me2 in mammalian chromatin 17 . BIX treatment decreased the H3K9me2 signal over the 59 pause and pause regions as compared with non-treated cells ( Fig. 2f and Extended Data Fig. 1c ). Finally, we investigated whether R-loops are the consequence or cause of H3K9me2 occurrence. Notably, R-loop signals were unaffected by H3K9me2 reduction (Fig. 2g ). This predicts that R-loops formed around the b-actin pause element trigger antisense transcription, assembly of the RNAi apparatus, the formation of an H3K9me2 repressive mark, and ultimately HP1c recruitment. We confirmed the correlation of R-loops and dsRNA with the H3K9me2 mark in single cells using immunofluorescence. We first demonstrated the nuclear localization of R-loops and dsRNA (Extended Data Fig. 3a ). Ninety per cent of HeLa cell nuclei had R-loops and dsRNA in close proximity with H3K9me2 foci. Notably, 10% of either dsRNA or R-loop foci co-localized with H3K9me2 ( Fig. 2h and Extended Data Fig. 3b ). These data strongly suggest that, at a cellular level, R-loops are associated with gene silencing.
We next employed cell lines derived from mouse gene knockouts for Ago2 and G9a/Glp to test their role in Pol II termination. We initially validated the data obtained with the human b-actin gene for its mouse homologue (Extended Data . Notably, we observed that the repressive mark associated with the termination region of the mouse b-actin gene is specifically H3K9me2, and not H3K9me3 (Extended Data Fig. 4d ). We then confirmed that Ago2, like Ago1, is specifically enriched at the termination region of the mouse b-actin gene and its recruitment is reduced to background levels in Ago2-knockout cells ( Fig. 3a and Extended Data Fig. 4c ). However, Ago1 recruitment is enhanced in Ago2knockout cells, suggesting that Ago1 compensates for Ago2 depletion (Extended Data Fig. 4e ). G9a ( Fig. 3b ) and H3K9me2 ( Fig. 3c ) ChIP analyses in Ago2-knockout cells showed a decrease in ChIP signals over the gene termination region, suggesting that the observed H3K9me2 mark is Ago2-dependent. However, the R-loop profile is Ago2-independent (Extended Data Fig. 7a ), confirming that R-loops act upstream of the RNAi pathway. Similar results were obtained in G9a/Glp double-knockout cells (Extended Data Fig. 7c, d) .
To investigate whether both R-loops and the H3K9me2 mark are needed for efficient transcriptional termination of the mouse b-actin gene, we performed Pol II ChIP in wild-type and Ago2-knockout mouse embryonic fibroblasts (MEFs) also overexpressing RNase H1. Pol II density increased, especially over termination probes C and D, indicative of a defect in transcriptional termination ( Fig. 3d and Extended Data Fig. 7b ). We also performed Br-UTP nuclear run-on (NRO) analysis ( Fig. 3e ) and detected significant enrichment of nascent read-through RNA signals over the termination region, relative to the gene body (intron 3 primer), in Ago2-knockout cells overexpressing RNase H1, as compared to wildtype cells. This suggests that R-loops and the H3K9me2 mark are both critical components of efficient pause-dependent Pol II termination. No nascent transcripts were detected over probes E and F, located 3.2 and 4 kilobases (kb) downstream of the PAS, suggesting that the effect of combined loss of the H3K9me2 mark and R-loops promotes readthrough transcription up to 3 kb downstream of the PAS.
We considered the possibility that RNAi-mediated heterochromatin formation induced by R-loop formation is a general termination mechanism, at least for a subset of genes. We performed a genomic meta-analysis of high-throughput sequencing of DNA derived from ChIP (ChIP-seq) data sets to look for the co-incidence of a paused elongating form of Pol II that is phosphorylated on Ser 2 of the carboxy-terminal domain (CTD) (PolIIS2ph 18 ), with HP1c enrichment 15 within termination regions ( Fig. 4a ). We termed such regions of overlap pause-type termination (PTT) candidate regions. HP1c was previously implicated in transcriptional elongation [12] [13] [14] [15] . Indeed, 84% of the summits of HP1c peaks determined 
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by ChIP-seq reside within gene bodies (Extended Data Fig. 8a) 15 . However, the highest-fold enrichment for HP1c relative to genomic annotation is over termination regions and the highest density of HP1c peak summits is detected downstream of PAS, genome wide (Extended Data Fig. 8a, b) . Notably, 74% of HP1c enriched regions in termination regions overlap with PolIIS2ph enrichment (Fig. 4b ). PTT candidate regions show a statistically significant signal enrichment of the G9a ChIP hybridized to a genomic microarray (ChIP-chip) 19 , both compared to randomly sampled genomic regions of the same size as well as to non-PTT HP1c peaks ( Fig. 4c and Extended Data Fig. 8c ), implicating H3K9 methyltransferase activity at these locations. To investigate whether PTT candidate regions are associated with R-loop formation, we compared the signal obtained by DNA:RNA-immunoprecipitation (DRIP) with that obtained by DRIP treated with RNase H1 (DRIPRH1 control) from previously published DRIP-seq data 2 . PTT candidate regions show a significant enrichment of DRIP signal as compared to DRIPRH1 (Extended Data Fig. 8d, e ), implying R-loop formation over these regions. We conclude that PTTs associated with R-loops, G9a and HP1c are widespread in the human genome.
Two genes, ENSA and GEMIN7, which show PolIIS2ph pausing coincident with HP1c and DRIP-seq signal, were used to validate our genomic analysis. R-loops, antisense transcription, DICER, H3K9me2 and HP1c were observed over their termination regions (Extended Data Fig. 9 ), similar to the b-actin terminator. Finally, we performed Br-UTP NRO 
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analysis after BIX treatment and RNase H1 overexpression on these non-actin genes, showing that their termination requires R-loops and the H3K9me2 mark (Fig. 4d ). The same effect was observed for the human b-actin gene, thus validating the data obtained in mouse b-actin ( Fig. 3d, e ).
Finally, to corroborate the role of R-loops and H3K9me2 on transcriptional termination genome wide, we performed ChIP-seq using an antibody against PolIIS2ph on BIX-treated cells overexpressing RNase H1 (BIX RH1) and on untreated cells. We observe a decrease in PolIIS2ph accumulation in the vicinity of PAS in the BIX RH1 sample versus the untreated sample ( Fig. 4e, right) . However, an increase in PolIIS2ph accumulation around the transcription start site (TSS) is detected in the BIX RH1 sample versus the untreated condition ( Fig. 4e, left) . We then calculated the PolIIS2ph pausing index in PTT candidate regions relative to gene bodies and observed that the BIX RH1 sample has a significantly lower value compared with the untreated sample (P 5 3.398 3 10 216 ; Extended Data Fig. 8f ). This implies that efficient pausing in these locations depends on the presence of R-loops and H3K9me2. By contrast, PolIIS2ph pausing around the TSS concurrently increases in the BIX RH1 condition ( Fig. 4e and Extended Data Fig. 8g ), suggesting that termination and promoter pausing mechanisms are distinct. This is consistent with the specific enrichment of DICER, H3K9me2 and HP1c over gene 39 ends, but not promoter regions, of b-actin, ENSA and GEMIN7 ( Fig. 1 and Extended Data Fig. 9 ). Overall, we demonstrate that a termination mechanism mediated by Pol II pausing dependent on R-loop-induced heterochromatin is shared by a subset of human genes.
We reveal a molecular link between R-loop structures and the RNAi pathway. In particular, we have uncovered an unanticipated mechanism of regulated transcriptional termination through combined R-loops over pause-type 39 ends and epigenetic features. Our results predict a model for Pol II termination in which a G-rich sequence promotes R-loop formation, leading to heterochromatin establishment through the synthesis of localized dsRNA and the recruitment of RNAi factors (Extended Data Fig. 10 ). Previous studies 14,20 support a functional association between histone marks, Pol II pausing and pre-mRNA processing. We now reveal that chromatin regulation at the level of transcriptional termination is mediated by the formation of R-loops. This raises the intriguing possibility that R-loops, a natural outcome of the transcription process, may more widely induce the formation of repressive chromatin marks to promote Pol II pausing.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper.
METHODS
Molecular and cell biology techniques. Transfections of GFP-RNase H1 plasmid into human HeLa and mouse MEF cells were carried out as described previously 4 . Ago2-knockout and parental wild-type cells are MEFs. G9a/Glp double-knockout and their parental wild-type are mouse embryonic stem (mES) cells. Treatment with 10 mM of BIX-01294 inhibitor (Sigma) was performed as described 20 . Total RNA was isolated using TRIzol reagent (Invitrogen) and reverse transcribed with SuperScript III Reverse Transcriptase (Invitrogen) using gene-specific primers. J2 dsRNA pull-down was performed as described 8 . RT-qPCR levels are presented graphically as raw values 31,000. ChIP and genomic DIP analyses were carried out as before 4 . The following antibodies were used for ChIP: anti-H3K9me2 (Abcam), anti-H3K9me3 (Abcam), anti-H3 (Abcam), anti-DICER (13D6) (Abcam), anti-KMT1C/G9a (Abcam), anti-AGO1 (Millipore), anti-AGO2 (Abcam) and anti-Pol II (H-224) (Santa Cruz Biotechnology). S9.6 RNA:DNA-hybrid-specific antibody was used for DIP 4 . DNA oligonucleotide primers employed in these studies are listed in Supplementary Information Table 1 . Genomic analysis. Genomic interval processing, overlap calculations, statistical analysis and occupancy profiles were performed using custom scripts within the R/Bioconductor environment 21 .
The following publicly available human data sets were used: G9a ChIP-chip, Gene Expression Omnibus (GEO) accession GSE24480 (ref. To obtain the HP1c peaks' coordinates, the mapped read coordinates were first lifted over from hg18 to hg19 using bedtools. The ChIP reads from two biological experiments-GSM699727 and GSM699729-were pooled, as well as their corresponding input reads, GSM699728 and GSM801616. The pooled ChIP and input raw reads were then used as input for peak calling using MACS2 with q 5 0.05.
For genomic annotation, the coordinates of human hg19 RefSeq genes were downloaded from the UCSC table browser 22 on 31 August 2012, and are synonymous with gene bodies throughout the manuscript. Promoter regions were defined as regions 1 kb upstream of RefSeq genes, excluding parts of intervals overlapping with any gene body. Terminator regions were defined as regions 5 kb downstream of genes, excluding those showing any overlap with gene bodies or promoters. As the only exception, for more accurate HP1c peak summit annotation (Extended Data Fig. 8a ), a less stringent filtering approach for termination regions was applied: in case of partial overlap of the 5 kb downstream region with a gene body or promoter, the non-overlapping sequence interval was retained.
To calculate the P value of the overlap between terminator HP1c peaks and PolIIS2ph peaks (Fig. 4b ), 10 7 random data sets were generated based on PolIIS2ph peaks and none of them had the same number or more overlaps than the original data set, hence P value , 10 27 . The average number of overlaps in the random data sets was 115.
PTT candidate regions were computed as genomic intervals corresponding to those ENCODE-defined PolIIS2ph peaks or their fragments that reside within termination regions, and show a minimum 1-bp overlap with a HP1c peak 15 .
To obtain G9a, DRIP and HP1c occupancy profiles, their distance to the feature of interest was computed, and only retained if ,5 kb. Plotted is the frequency in 500-bp bins. In case of G9a ChIP-chip data the average log 2 (G9a/input) signal was computed in 500-bp bins and subject to filtering using the moving average over six bins before plotting.
Deep sequencing of PolIIS2ph ChIP and input from BIX RH1-treated and untreated HeLa cells was performed by the EMBL Genomics Core Facility. The two ChIP and two input samples were multiplexed, using NEBNext ChIP-Seq mastermix kit to prepare the libraries. The samples were sequenced on a 50-bp single-end run on three lanes using the Illumina HiSeq 2000 platform. Alignment of the sequenced tags to the hg19 human genome was performed using the CASAVA pipeline 1.8.2, ELAND parameters were: unique matches, 32 base seed, 2 mismatches allowed. This yielded a total of 115,813,632 reads uniquely aligned to hg19 for the untreated IP sample, 126,051,048 for the BIX RH1-treated sample, 127,749,851 for the untreated input and 113,690,799 for the BIX RH1-treated input.
Peak calling was performed on the IP samples versus their input controls using MACS2 with the parameters: -q 0.05-nomodel-shiftsize 100. This procedure delineated 2,046 PolIIS2ph peaks (enriched regions) for the untreated sample and 7,712 peaks for the BIX RH1-treated sample. We noted that the BIX RH1 treatment resulted in a higher overall PolIIS2ph enrichment, presumably reflecting a globally more open chromatin environment following the treatment. Therefore, to avoid potential bias we chose to base our analysis on pausing indices relative to gene body signal (see later).
To obtain the PolIIS2ph enrichment profiles over the TSS and PAS (Fig. 4e) , the distance of the PolIIS2ph peaks to the nearest TSS (or PAS) was computed, retaining only distances ,10 kb away from the feature of interest, which were then subject to kernel density estimation using the Gaussian smoothing kernel and plotted.
We defined the PTT PolIIS2ph pausing index as a ratio of the normalized read density in PTT candidate regions to the normalized read density in its corresponding gene body. In more detail, we first re-computed the PTT candidate regions using the PolIIS2ph peaks found in the untreated sample in place of the ENCODE data-set-derived peaks, and their corresponding gene body coordinates were extracted. The IP and input read number overlapping with each PTT and its corresponding gene body were counted and the IP and input reads per kilobase per million mapped reads (RPKM) read density for each region were computed as follows: RPKM 5(number of reads overlapping with region)/(length of region in kb)/(million mapped reads). The RPKM value for input reads was then subtracted from the RPKM value for the IP reads for each region to yield the final normalized read density (NRD) for each region. Genes with low PolIIS2ph NRD over their gene body (NRD , 0.1) were considered inactive and excluded from downstream analysis. The pausing index (PI) of each PPT/gene body pair was then computed as: PI PPT 5 NRD PPT /NRD gene body .
The pausing index for regions surrounding the TSSs of the PTT-linked genes by 61 kb was computed analogously: PI TSS 5 NRD TSS 61 kb /NRD gene body . These computations were done in parallel for the BIX RH1-treated and untreated sample, and finally the distribution of the fold change in PolIIS2ph pausing index between the BIX RH1-treated and untreated samples was calculated.
For statistical tests, since the data in Extended Data Fig. 8c , e-g did not conform to a normal distribution, non-parametric tests were employed: Wilcoxon signedrank test for the paired samples in Extended Data Fig. 8e, f and Wilcoxon Mann-Whitney for the unpaired samples in Extended Data Fig. 8c , g. In all cases two-sided tests were applied. Immunofluorescence and imaging analysis. Fixed cell samples were prepared and imaged exactly as described 23 . In summary, cells grown on coverslips were fixed with 2 ml of ice-cold methanol or 3% paraformaldehyde in PBS for 15 min. Cells were quenched with 2 ml of 50 mM NH 4 Cl in PBS for 10 min. Coverslips were washed three times in 2 ml PBS before permeabilization in 0.2% Triton X-100 for 5 min. In all cases primary and secondary antibody staining was performed in PBS for 60 min at room temperature. S9.6 antibody was used in 1:250 dilution, whereas commercial H3K9me2 (Cell Signaling) and J2 (Scicon) antibodies were used as directed by the manufacturers. 49,6-Diamidino-2-phenylindole (DAPI) was added to the secondary antibody staining solution at 0.3 mg ml 21 . Coverslips were mounted in Mowiol 4-88 mounting medium (EMD Millipore). Fixed samples on glass slides were imaged using a 360/NA 1.35 oil immersion objective on an upright microscope (BX61; Olympus) with filtersets for DAPI, GFP/Alexa Fluor 488, 555, 568, and 647 (Chroma Technology), a CoolSNAP HQ2 camera (Roper Scientific) and MetaMorph 7.5 imaging software (Molecular Dynamics). Co-localization foci were measured as foci ,200 nm apart. J2 dsRNA pull-down. J2 antibody (Scicon, 10010200, diluted to 0.1 mg per 1 mg of chromatin) was incubated with total cell extracts for 1.5 h on a rotating wheel at 4 uC. Protein G-agarose beads (Millipore) were then added for an additional 1.5 h. dsRNA was then isolated from washed beads using the TRIzol reagent (Invitrogen) and analysed by RT-qPCR for sense and antisense transcripts. Signals from immunoprecipitated samples were subtracted from signals arising from non-precipitated samples. V1 and S1 treatments were carried out for 2 h at 37 uC after the dsRNA isolation. LETTER RESEARCH
